The glycerol content of grape juices and wines has been determined by gas-chromatographic methods using silyl derivatives 
Introduction
Glycerol (propane-1,2,3-triol) belongs to a family of non-volatile polyalcohols and represents an important component of natural saponifiable lipids (e.g. esters formed with fatty acids). Pure glycerol is an odorless, colorless, high viscosity liquid. Several glycerol derivatives (e.g. dihydroxyacetone) play important role in essential biochemical metabolic processes, one of them is the glycolysis, where the six-carbon atom containing D-glucose is cleaved to dihydroxyacetone and glycerol aldehyde and finally to pyruvate with three carbon atoms. Since glycerol molecule is a closely related to these important decomposition products, it has important biological significance and appears as side product in several biological processes (alcoholic fermentation, aging and ripening of wines). Glycerol is involved in several microbiological or enzymatic transformation routes, the naturally bound glycerol is widespread in natural biological sources. Glycerol is widely used in the industry for the production of dye, paper, textile, fuel, cosmetics, medicine and food [1] [2] [3] [4] [5] . The chemical analysis of glycerol is important in clinical diagnostics as well, since the triacyl glyceride level in blood gives vital information concerning diseases of the cardiovascular system.
The biosynthesis of glycerol in cells is closely associated with osmotic cell regulation [6] . The anaerobic conversion of glucose into ethanol by Saccharomyces cerevisiae is redox neutral. NAD + is consumed initially in the Embden-Meyerhof-Parnas (EMP) pathway that is regenerated during the production of ethanol. However, when intermediates in the EMP pathway are consumed as precursors for the synthesis of the cellular material, this balance will be disturbed, since the produced NADH is not converted back into NAD + . The shift in redox balance stops the metabolism of yeast cells, unless other processes are employed for the regeneration of NAD + . During the anaerobic growth of S. cerevisiae NADH cannot be oxidized by oxygen, but the conversion of NADH to NAD + can be achieved in the cell by the formation of reduced by-products such as glycerol. The production of glycerol in yeast cells is caused by the need to maintain a favorable redox balance [6] [7] [8] [9] [10] [11] by the conversion of NADH that is formed during the biomass production, to NAD + . Glycerol formation requires the reduction of dihydroxyacetone phosphate to glycerol-3-phosphate (G-3-P) catalyzed by dihydroxyacetone phosphate reductase. In the process one molecule NAD + will be produced from NADH that was formed previously in the oxidation of glyceraldehyde-3-phosphate. The reaction is catalyzed by G-3-P dehydrogenase (GPDH) followed by the dephosphorylation of G-3-P to glycerol by glycerol-3-phosphatase [11] . Glycerol formation may serve in the cells as a route for the transformation of NADH to NAD + . Summarizing the biochemical process, glycerol is formed in wines as a by-product of glycolysis of wine yeasts like S. cerevisiae during wine fermentation. The glycerol concentration in grape juice is low but during fermentation 4% -10% of the sugar content is converted into glycerol [12] . Glycerol concentration in wines varies between 1 and 10 g/L [13, 14] , however red wines generally contain higher levels of glycerol than white wines. Glycerol does not have direct impact on wine flavor however it enhances the quality by improving physical properties like viscosity and smoothness. Nowadays there is a high demand on the production of wines with higher glycerol levels, since there is a close connection between quality and glycerol concentration [15] . The viscous liquid glycerol has sweet taste thus high concentrations of glycerol favorably influence the organoleptic evaluation and the viscosity of wine [16] . Several experiments have been carried out for the investigation of glycerol production during the fermentation of sugar-containing liquids. Enhanced glycerol production can be achieved by the application of several inorganic salts [17] or by adjusting the pH to 7 or above resulting in the reduction of dihydroxyacetone phosphate to glycerol-3-phosphate by NADH [18] .
In EU countries direct addition of glycerol to enhance the quality of wine is prohibited. In our work we aimed at the search for chemical compounds that influence the redox equilibrium of the fermentation process to enhance the glycerol content in wine. We focused in our experiments on the application of additives that are authorized in EU countries.
Materials and Methods
All chemicals and reagents (glycerol, MSTFA, pyridine, NADH) were purchased from Sigma Aldrich, St. Louis, USA. Yeast strains were purchased from a local winery trader (Interker-Wine Ltd). The derivatization process was performed under water free conditions, 2 mL of wine or grape juice samples were freeze dried for 12 hours and the residue was dissolved in 2 mL of pyridine. 100 µL of pyridine solution and 100 µL of N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) were added and stirred for 15 minutes at room temperature to yield the trimethylsilyl derivative. The reaction was terminated and the excess derivatizing agent was decomposed by the addition of 5 mL water. 2 mL heptane was used to extract the derivatized glycerol, the heptane solution was used in gas-chromatographic analysis. GC analysis was performed on a Shimadzu GC 2010 instrument using a HP-5 MS column (30m, 0.25 µm x 0.25 µm). 1 µL of heptane solution was injected, helium gas as carrier (1 mL/min) was applied.
The injector temperature was 200˚C and the initial temperature of 110˚C was held for 4 minutes, then it was increased to 150˚C with a speed of 4˚C /min, the temperature was further increased to 250˚C with 20˚C/min rate and it was held for 11 minutes at this temperature. The detector temperature was 250˚C and the total measuring time was 30 minutes. The retention time of glycerol under these conditions was 8.07 minutes.
Results and Discussion
The effect of the addition of different additives as potassium metabisulfite, diammonium phosphate, ammonium bisulfite and NADH to grape juices with different sugar concentrations has been examined. Experiments were carried out at different temperatures, glycerol levels of grape juices and wines were measured by GC methods. Glycerol is a highly polar compound thus gas chromatographic analysis in free form is not possible due to its high boiling point. The sample preparation has been involved silyl derivative formation in order to lower the boiling point of glycerol.
The glycerol formation has been studied using several different grape juice and wine samples ( Table 1 and  Table 2 ). Analysis of samples was performed multiple times during the maturation of wines (5, 10 and 20 days) and studied the effect of additives at different fermentation temperatures (8˚C -30˚C). In our experiments various yeast strains have been used (Fermol Chardonnay-I, Mycoferm CRU-88-II, Uvaferm Sacharomyces Cerevisiae-III, Sacharomyces Bayanus-IV). The initial glycerol content of grape juice was found to be 1.13 g/L.
As maturation progressed, significant concentration increase has been detected for all wine samples and for all different yeast strains. After 20 days the highest glycerol content (4.12 g/L) was obtained in a sample that was stored at cellar temperature using Mycoferm CRU-88-II strain.
The results of the experiments with different yeasts are shown in Table 1 . There is no significant difference in glycerol concentrations in the function of the applied yeast strains, the best results were obtained in all cases with Mycoferm CRU-88 yeast strains. Temperature however seems to be an important factor in glycerol formation during fermentation. Significant differences were observed in glycerol concentrations during and at the end of wine fermentation. Higher temperatures are not favorable in the point of view of glycerol formation thus they should be avoided aiming at the production of high quality wines. By the way at higher temperatures there would be a failure also in the appropriate aroma composition of wines. The best results in glycerol content of the produced wine were obtained at lower temperatures, however extremely low temperatures are not favorable, since fermentation slows down or even stops. The best results were achieved at cellar temperature (13˚C -14˚C) where the highest glycerol concentrations were measured.
The effect on glycerol production of different additives used in enology-(NH 4 ) 2 HPO 4 , K 2 S 2 O 5 , NADH, NH 4 HSO 3 )-has also been studied. The experiments were carried out at different D-Glucose levels (10, 20 and 40 g/L) by applying Mycoferm CRU-88 yeast culture ( Table 2 ). The sugar content of grape juices is crucial in the production of good quality wines.
The applied high quality white grape juice contained sugar at a concentration of 210 g/L. The addition of extra amount of glucose to grape juice definitely increased the amount of glycerol in wine during fermentation which is an experimental proof of the fact that the sugar content of grape juices determines the quality of the produced wine. In Table 2 , the results of our experiments on the investigation of the effect of different additives on the concentration of glycerol in the produced wine are also summarized. Potassium metabisulfite and ammonium bisulfite disturb the fermentation process that results in the formation of a lower amount of glycerol compared with the control experiment. In the case of ammonium bisulfite the hindrance of yeast strains was more significant.
The addition of NADH to grape juice resulted in significant increase of glycerol production of the yeast. The addition of NADH caused a shift in redox balance that is an outer stress for yeast cells. Yeast cells answer to the stress by producing glycerol to decrease the concentration of NADH.
Similar effect has been caused by the addition of diammonium phosphate resulting in the formation of higher levels of glycerol. The presence of ammonium ions is a suitable medium for amino acid production of the yeast cells. Amino acid biosynthesis results in the formation of NADH that induces yeast cells to produce glycerol. Glycerol production helps the yeast cells to make the appropriate redox balance of NADH and NAD + . The fermentation and glycerol content of grape juices and wines has been studied under different conditions and yeast strains. Gas-chromatographic methods have been applied in the quantitative evaluation of the glycerol content of wines. The highest glycerol levels have been detected at decreased temperature (8˚C -14˚C). The D-Glucose concentration affects the glycerol production during the fermentation. Significant decrease has been detected, when the grape juice was treated with HSO 3 2− but the addition of NADH or diammonium phosphate can almost double the glycerol content of wines.
